Abstract We present multi-wavelength analysis for four bipolar bubbles (G045. 386-0.726, G049.998-0.125, G050.489+0.993, and G051.610-0.357) to probe the structure and dynamics of their surrounding gas. The 12 CO J=1-0, 13 CO J=1-0 and C 18 O J=1-0 observations are made with the Purple Mountain Observation (PMO) 13.7 m radio telescope. For the four bipolar bubbles, the bright 8.0 µm emission shows the bipolar structure. Each bipolar bubble is associated with an H II region. From CO observations we find that G045.386-0.726 is composed of two bubbles with different distances, not a bipolar bubble. Each of G049.998-0.125 and G051.610-0.357 is associated with a filament. The filaments in CO emission divide G049.998-0.125 and G051.610-0.357 into two lobes. We suggest that the exciting stars of both G049.998-0.125 and G051.610-0.357 form in a sheet-like structure clouds. Furthermore, G050.489+0.993 is associated with a clump, which shows a triangle-like shape with a steep integrated intensity gradient towards the two lobes of G050.489+0.993. We suggest that the two lobes of G050.489+0.993 have simultaneously expanded into the clump.
Introduction
Infrared bubbles are the bright 8.0 µm emission surrounding O and early-B stars. The bright 8 µm emission is attributed to polycyclic aromatic hydrocarbons (PAHs, Lèger & Puget 1984) . The PAHs molecules can be destroyed inside the ionized gas, but are excited in the photodissociation region (PDR) by the UV radiation within H II region (Pomarè s et al. 2009 ). H II regions are ionized by massive stars. The UV radiation of an H II region can excite its surrounding gas to create a bright mid-infrared bubble. So the bubbles are usually found in or near massive star-forming regions (see e.g., Deharveng et al. 2003; Xu & Ju 2014a; Xu et al. 2014b) . If bubble forms in a sheet-like molecular cloud, whose thickness is not greater than the bubble size, we will see a 2D ring bubble. And when the bubble size is less than the thickness of the molecular cloud, a 3D spherical-structure bubble will form. Hence, the environment of bubble formed may determine their morphology.
Bipolar bubble has a simple morphology, so it is easy to locate the ionized and neutral components in space. So far very few studies describe the formation and evolution of the bipolar bubble. Deharveng et al. (2010) used the ATLASGAL survey at 870 µm to study 102 bubbles detected by spitzer-GLIMPSE, 86% of which enclose classical H II region ionized by O and B stars. Only bubbles N39 and N52 show a bipolar morphology (Churchwell et al. 2006) , which are associated with a filament. They considered that the ionized stars of their two bipolar bubbles formed in a massive and rather flat molecular cloud. Deharveng et al. (2015) identified and studied two bipolar bubbles. H II regions G319.88+00.79 and G010.32-00.15 are located at the centre of these two bipolar bubbles, respectively. Especially for H II regions G319.88+00.79, there is a filament that will divide the bipolar bubble into two ionized lobes. They concluded that the exciting stars of The integrated flux density is obtained from the NVSS 1.4 GHz radio continuum. b The distance is measured from this paper. c The ionizing luminosity N Ly is computed by Mezger et al. (1974) . d Martins et al. (2005) .
each bipolar H II region are formed in a sheet-like structure clouds. The sheet observed edge-on appears as a filament. According to Deharveng et al. (2010 Deharveng et al. ( , 2015 , the bipolar bubble forms when ionization front breaks through the two opposite faces of the sheet-like cloud simultaneously. Thus, the observation of bipolar bubbles can also provide important information on the structure of their surrounding cloud. According to the Green Bank Telescope (GBT) and Arecibo H II region discovery surveys, Anderson et al. (2011) and Bania et al. (2012) identified eleven bipolar bubbles. Considering the angular resolution of our used telescope (Purple Mountain Observation 13.7 m radio telescope), we only selected four bipolar bubbles, whose parameters are lised in Table 1 , including the coordinates, the integrated flux densities, the hydrogen radio recombination line (RRL) velocities (V H ), and the distances. In this paper, we performed a multi-wavelength study to the four bipolar bubbles to investigate the gas structure around H II regions. Our observations and data reduction are described in Sect.2, and the results are presented in Sect.3. In Sect.4, we discuss the gas structure around the four bipolar bubbles, while our conclusions are summarized in Sect.5.
Observations

Purple Mountain Data
We made the mapping observations for four bipolar bubbles and their adjacent regions in the transitions of 12 CO J=1-0, 13 CO J=1-0 and C 18 O J=1-0 lines using the Purple Mountain Observation (PMO) 13.7 m radio telescope at De Ling Ha in the west of China at an altitude of 3200 meters, during May 2015. The 3×3 beam array receiver system in single-sideband (SSB) mode was used as front end. The back end is a fast Fourier transform spectrometer (FFTS) of 16384 channels with a bandwidth of 1 GHz, corresponding to a velocity resolution of 0.16 km s −1 for 12 CO J=1-0, and 0.17 km s −1 for 13 CO J=1-0 and C 18 O J=1-0. 12 CO J=1-0 was observed at upper sideband, while 13 CO J=1-0 and C 18 O J=1-0 were observed simultaneously at lower sideband. The half-power beam width (HPBW) was 53 at 115 GHz and the main beam efficiency was 0.5. The pointing accuracy of the telescope was better than 5 , which was derived from continuum observations of planets (Venus, Jupiter, and Saturn). The source W51D (19.2 K) was observed once per hour as flux calibrator. Mapping observations used the onthe-fly mode. The standard chopper wheel calibration technique is used to measure antenna temperature T * A corrected for atmospheric absorption. The final data was recorded in brightness temperature scale of T mb (K). The data were reduced using the GILDAS/CLASS 1 package.
Archival Data
The 1.4 GHz radio continuum emission data were obtained from the NRAO VLA Sky Survey (NVSS), with a noise of about 0.45 mJy/beam and a resolution of 45 (Condon et al. 1998) ; We extracted 870 µm data from the ATLASGAL survey (Schuller et al. 2009 ). The survey was carried out with the Large APEX Bolometer Camera observing at 870 µm (345 GHz). The APEX telescope has a full width at half-maximum (FWHM) beam size of 19 at this frequency; We also utilized midinfrared data in two bands (4.5 and 8.0 µm) from the Spitzer GLIMPSE survey and mid-infrared data in 24 µm band from the MIPSGAL survey (Benjamin et al. 2003; Rieke et al. 2004) . The resolutions at 4.5 µm and 8.0 µm are < 2.0 , while the MIPSGAL resolution at 24 µm is 6 ; We also retrieved the K (2.17 µm) band images from Two Micron All Sky Survey (2MASS) (Skrutskie et al. 2006) . 9.8, 12.5, 15.1, 17.8, 20.5, and 23 Figure 1 shows composite three-color images of the four bipolar bubbles. The three infrared bands are the Spitzer 4.5 µm (in blue), 8.0 µm (in green), and 24 µm (in red). In Fig. 1 , the PAH emission, traced by the bright 8 µm, delineates the structure for each bipolar bubble. Two lobes of both G050.489+0.993 and G051.610-0.357 are symmetrical, and thus they are the standard bipolar bubble. For G049.998-0.125, the left lobe is smaller than the right lobel. Compared with the other three bipolar bubble, G045.386-0.726 shows a complex sructure. The 24 µm emission traces heated small dust grains (Watson et al. 2008) . The hot dust emission in Fig. 1 displays a dense structure between two lobes for each bipolar bubble. The NVSS 1.4 GHz radio continuum emission, which can be used to trace ionized gas, is also overlaid in Fig. 1 in black contours.
Results
Infrared and Radio Continuum Images
In Fig. 1 , the ionized gas emission are spatially coincident with the hot dust emission observed at the 24 µm (red color). For each bipolar bubble, both the ionized gas and hot dust emission show a single structure, suggesting that each bipolar bubble is created by an H II region, not adjacent bubbles surrounding distince H II regions.
To estimate the ionized star types of these H II regions, we will calculate the ionizing luminosity. Assuming the radio continuum emission is optically thin, the ionizing luminosity N Ly is computed by Mezger et al. (1974) 
Where ν is the frequency, T e is the effective electron temperature, S ν is the observed specific flux density, and D is the distance to H II region. (2001) suggested that only half of Lyman continuum photons from the central source in a Galactic H II region ionizes neutral hydrogen, the remainder being absorbed by dust grains within the ionized region. Finally, we obtain the ionizing luminosityN Ly . According to Martins et al. (2005) , the spectral type of the ionizing star for each H II region is derived, which are lised in Table 1 . Figure 2 (left panels) only shows the K frames overlaid with 1.4 GHz continuum emission for three bipolar bubbles (G049.998-0.125, G050.489+0.993, and G051.610-0.357). G045.386-0.726 is not a real bipolar bubble (see Sec.3.2.1). To further look for the ionized star types of these H II regions, we use the 2MASS AllSky Point source database in the near-infrared J(1.25 µm), H(1.65 µm) and K(2.17 µm) bands, with a signalto-noise ratio (S/N) greater than 10. Because the 1.4 GHz radio continuum emission can trace the ionized gas of each bipolar bubble, the ionized stars are only located within the 1.4 GHz radio continuum emission regions. Using the database, we select near-infrared sources, and distribute these sources over the K band images. Figure 2 (right panels) shows the (H) versus (H-K) color-color (CC) diagrams. Table 1 gives that the ionized star types of both G049.998-0.125 and G051.610-0.357 are between O8.5V and O8V. From Fig.  2 , we see that two near-infrared sources are located between O8.5V and O8V for G049.998-0.125, and three near-infrared sources near and between O8.5V and O8V for G051.610-0.357. In Fig. 2 (left panels), the red circles mark the positions of these selected near-infrared sources. Generally, the ionized stars are located near or on the peak position of the ionized gas emission. From Fig. 2 (left panels), we suggest that #1 and #2 may be the ionized stars of G049.998-0.125, and #2 is likely to be the ionized star of G051.610-0.357. For G050.489+0.993, the type of its ionized star is greater than O9.5V. Several near-infrared sources are below the 09.5V line, as shown in Fig. 2 (right panels) for G050.489+0.99, but we see that three bright nearinfrared sources are located near the peak postion of the ionized gas. Comparing the CC diagram, #1 may be the ionized stars of G050.489+0.993.
Dust and CO Molecular Emission
CO observation can reveal whether molecular gas is associated with bipolar bubble along our line of sight. To check the morphology of molecular gas consistent with each bipolar bubble, we use 12 CO J=1-0, 13 CO J=1-0, and C 18 O J=1-0 lines to trace the molecular gas emision, and use 870 µm continuum to trace cool dust emission.
G045.386-0.726
Bipolar bubble G045.386-0.726 is associated with a compact H II region and bubble N95 (Deharveng et al. 2010) . The H II region has a hydrogen radio recombination line (RRL) velocity of 52.5 km s −1 (Anderson et al. 2011). From Fig. 3 , we see that there are multiple gas components in the G045.386-0.726 region. Comparing the optically thick 12 CO line, the 13 CO line is more suited to trace relatively dense gas (∼10 3 cm −3 ). Using channel maps (Fig. 4) of 13 CO line, we found two gas components, which may coindcient with G045.386-0.726 in space. One component is located between 47.0 and 58.0 km s −1 (red+green countours), while the other component is in interval 57.0 to 65.0 km s −1 (green+blue contours). The 13 CO emission (green contours) between 57.0 and 58.0 km s
shows that above two components may connect in the velocity and space. We use these two velocity ranges to make the integrated intensity maps, as shown in Fig. 5 . The 12 CO, 13 CO, and C 18 O emission in interval 57.0 to 65.0 km s −1 , which is correlated with the 870 µm emission, show a filamentary structure from northwest to southeast. The filament displays an arc-like structure with a steep integrated intensity gradient, whose direction (green arrow) is perpendicular to the filament. The arc-like structure just encloses the bipolar bubble G045.386-0.726. Moreover, the CO emission in interval 47.0 to 58 km s −1 , which exhibits a diffuse structure, is distribute mainly over the northwest of G045.386-0.726. The RRL velocity of H II region associated with the bipolar bubble G045.386-0.726 is 52.5 km s −1 , indicating that the diffuse CO emission (red contours) is related to bipolar bubble G045.386-0.726, while the filament may be associated with the other bubble. We use two bubbles to fit the Spitzer 8.0 µm image, as shown in Fig. 6 . Hence, we conclude that these two bubbles with different distances overlap along our sight of line, and thus making it look like a bipolar bubble. Therefore, we will not further analyse G045.386-0.726 in the rest of the text, except for the discussion section.
G049.998-0.125
Bipolar bubble G049.998-0.125 is correlated with a compact H II region. Anderson et al. (2011) gave that this H II region has two RRL velocities, which are 38.5 Rieke & Lebofsky (1985) ). While the slanting green dashed lines represent the positions of O8.5V and O8V, respectively.
Fig. 3
12 CO J=1-0, 13 CO J=1-0, and C 18 O J=1-0 spectra over the observed region (>3σ) for each bipolar bubbles. (Fig. 7) . The 12 CO, 13 CO, and C 18 O emission show a filamentary structure from north to south, but our observations did not resolve the bipolar structure of G049.998-0.125. Comparing the CO emission, 870 µm emission also displays the filamentary structure with two dense clumps. Based on the ATLASGAL clump survey (Csengeri et al. 2014 ), one clump is G049.9996-0.1296, the other clump is G049.9842-0.1364. The masses of the ATLASGAL clumps were determined using the relation
where S 870 is the flux density at the frequency 870 µm and D is the distance to the clumps. κ 870 is the dust opacity, which is adopted as 1.0 cm 2 g −1 (Ossenkopf & Henning 1994) . Here the ratio of gas to dust was taken as 100. B 870 (T d ) is the Planck function for the dust temperature T d and frequency 870 µm. Deharveng et al. (2015) indicated that the mean temperature of the clumps adjacent to the ionized region is about 20 K. Here, we also used a dust temperature of about 20 K for each ATLASGAL clump. The obtained parameters are listed in Table 2 . To determine whether the two ATLASGAL clumps have sufficient mass to form massive stars, we must consider their sizes and masses. According to Kauffmann & Pillai (2010) , if the clump mass is M (r) ≥ 580M (r/pc) 1.33 , then they can potentially form massive stars. We find that both the two ATLASGAL clumps lie above the threshold, indicating that the ATLASGAL clumps are dense and massive enough to potentially form massive stars. Furthermore, the filament in 870 µm is perpendicular to G049.998-0.125, and divides G049.998-0.125 into two lobes. The systemic velocity of the filament is 47.0 km s −1 , which is measured from Fig. 3 . Based on the Bayesian Distance Calculator (Reid et al. 2016) , we obtain that the distance of the filament and G049.998-0.125 is 4.7 kpc.
G050.489+0.993
G050.489+0.993 is a textbook example of bipolar bubble. An H II region is located on the center of G050.489+0.993, whose RRL velocity is 57.1 km s −1 . From Fig. 3 , we note that there is a single component in this region. The RRL velocity of G045.386-0.726 is just located between 53.1 and 58.1 km s −1 . Hence, the molecular gas in interval 53.1 to 58.1 km s −1 is associated with G050.489+0.993. We made the integrated intensity maps, which is shown in Fig. 8 . Both 12 CO and 13 CO emission in Fig. 8 displays a large clump, while the C 18 O and 870 µm emission are relatively weak. Moreover, the 13 CO emission of the clump presents a triangle-like shape, and has an integrated intensity gradient toward the direction of two lobes of G050.489+0.993, which are marked in two green arrows. It suggests that the shocks from G050.489+0.993 have expanded into the clump, and have compressed it. The clump consistent with IRDC G38.95-0.47 also shows the same shape (Xu et al. 2013 ), but it is created by different H II regions G38.91-0.44 and G39.30-1.04.
G051.610-0.357
Bipolar bubble G045.386-0.726 is also associated with a compact H II region. This H II region has a hydrogen RRL velocity of 41.1 km s −1 . From Fig. 3 , we see that 12 CO spectrum shows multiple components, while 13 CO spectrum exhibits a single component, which is located between 39.1 and 46.1 km s −1 . The integrated intensity maps are shown in Fig. 9 . The 12 CO and 13 CO emission show a filamentary structure from northwest to southeast. The filament is just perpendicular to G049.998-0.125, and divides G049.998-0.125 into two lobes. Possiblely the C 18 O and 870 µm emission is weaker in this region, here we only detect a little emisson for C 18 O and 870 µm. a The effective radius of the clumps were calculated as R eff = θ maj /2 × θ min /2.
Physical parameters
To estimate the column density and mass of the molecular gas around the three bipolar bubbles, we used the optical thin 13 CO J=1-0 emission. Assuming local thermodynamical equilibrium (LTE), the column density was estimated via (Garden et al. 1991) N ( 13 CO) = 4.71×10
where T ex is the mean excitation temperature of the molecular gas, T mb is the corrected main-beam temperature of 13 CO J=1-0, and dv is the velocity range. The 12 CO emission is optical thick, so we used 12 CO to estimate T ex via following the equation (Garden et al. 1991 )
where T mb is the corrected main-beam brightness temperature of 12 CO. In addition, we used the relation N (H 2 )/N ( 13 CO) ≈ 7 × 10 5 (Castets et al. 1982) to estimate the H 2 column density. The mass of the molecular gas can be determined by
where µ g =1.36 is the mean atomic weight of the gas, m(H 2 ) is the mass of a hydrogen molecule, and S is the projected 2D area of the ring. The obtained column density and mass of the molecular gas are listed in Table  1 . From Table 1 , we see that the parental molecular gas in coincidence with the three bipolar bubbles are the giant molecular cloud.
Discussion
From the CO observations, we suggest that there may be two bubbles with different distances overlap along our sight of line, and thus making G045.386-0.726 look like a bipolar bubble. Interestingly, in the velocity interval of 57.0 to 65.0 km s −1 , the 12 CO, 13 CO, and C 18 O emission are correlated with the 870 µm emission in shape, both of which show a filament. The filament displays an arc-like structure with a steep interated intensity gradient toward G045.386-0.726, implying that G045.386-0.726 is interacting with the filament. Recently, star formation are found along filaments, so many studies are devoted to filaments. As the suggestion of Deharveng et al. (2015) , it is often forgotten that 2D gas sheets can be mistaken as filaments if we view edge-on.
From Fig. 6 , we also note that the bright 8 µm emission marked by black dashed lines show a ring-like structure. Since the ring has an inclination angle with our line of sight, then it appears to display an elliptical structure. The existence of the inclination indicates that the ring is not a 3D spherically symmetrical, but a 2D ring. The filamentary molecular clouds are usually associated with massive star-forming regions (André et al. 2014) . Once a massive star forms inside or near a filament, UV radiation and stellar winds will excite the surrounding gas and create an infrared bubble (Zhang et al. 2016) . The main emission of the bubble is the bright PAHs. The PAHs molecules are easily excited by the UV radiation from H II region (Pomarè s et al. 2009 ). It means that a bright 8 µm bubble is created only if there should be some molecular gas adjacent to H II region, containing the collected gas from the expansion of H II region. If the bubble is a 2D ring, the interaction surface between the filament and the ring may be not greater than the thickness of the ring, indicating that the filament in Fig. 4 is a sheet with a thickness of a few parsecs rather than a cylindrical filament.
For the three bipolar bubbles (G049.998-0.125, G050.489+0.993, and G051.610-0.357), both the ionized gas and hot dust emission show a single structure. We suggest that each bipolar bubble is created by a single H II region. Both G049.998-0.125 and G051.610-0.357 are associated with a filament, respectively. The filament related to G049.998-0.125 contains two AT-LASGAL clumps, which are dense and massive enough to potentially form massive stars. Figure 10 shows the position-velocity (PV) diagram constructed from the 13 CO J=1-0 emission along the long filament coincident with G051.610-0.357. Since our observations did not resolve the bipolar structure of G049.998-0.125, we only made the PV diagram for the filament associated with G051.610-0.357. From the Fig. 10 , we can discern that the filament is a single coherent object. In CO emission, both the filaments are perpendicular to G049.998-0.125 and G051.610-0.357, and divides them into two lobes. G051.610-0.357 has two symmetrical lobes. The central position of H II region is located on the filament for G051.610-0.357. For G049.998-0.125, the left lobe is smaller than the right lobe, it is because the central position of H II region associated with G049.998-0.125 is far from the filament, through comparing Fig. 1 and Fig. 7 . The bipolar bubble forms when ionization front breaks through the two opposite faces of the sheet-like cloud simultaneously (Deharveng et al. 2010 (Deharveng et al. , 2015 . From our observed results for G049.998-0.125 and G051.610-0.357, they are very similar to that of (Deharveng et al. 2010 (Deharveng et al. , 2015 . We suggested that the exciting stars of G049.998-0.125 and G051.610-0.357 are formed in the sheet-like structure clouds. The sheet only observed edge-on appears as a filament. Moreover, the two lobes of G050.489+0.993 is associated with a clump, not a filament. Hence, we can not explain how bipolar bubble G050.489+0.993 forms. The clump shows a triangle-like shape with an integrated intensity gradient toward the direction of G050.489+0.993. Slice profiles of the 13 CO J=1-0 emission are shown in Fig. 11 through the clump in two directions. The two cutting directions are shown as the green arrows in Fig. 8 . We found a steep rise at the edges of the clump coincident with G050.489+0.993, as shown in black arrow in Fig. 11 . This steep rise indicates that the two edges of the clump have been compressed by the expansion from the two lobes of bipolar bubble G050.489+0.993. We suggest that the shocks from this bipolar bubbles have expanded into the pre-existing clump, and have compressed it. 
CONCLUSIONS
We performed the molecular 12 CO J=1-0, 13 CO J=1-0 and C 18 O J=1-0, infrared, and radio continuum studies towards four bipolar bubbles. The four bipolar bubbles displays the bipolar structure at the 8.0 µm. From CO observations, we found that G045.386-0.726 is not a bipolar bubble, but the overlaping two bubbles with different distances along our sight of line. One of the two bubbles is related to a filament. The filament displays an arc-like structure with a steep integrated intensity gradient toward the bubble. We concluded that the filament is a sheet with a thickness of less than a few parsecs rather than a cylindrical filament. Both G049.998-0.125 and G051.610-0.357 are associated with a filament, while G050.489+0.993 is coincident with a clump. The molecular gas in coincidence with the three bipolar bubbles are the giant molecular cloud. The filaments in CO emission are perpendicular to G049.998-0.125 and G051.610-0.357, and divide them into two lobes. We suggested that the exciting stars of these two bipolar bubbles are formed in a sheet-like structure cloud. Moreover, the clump associated with G050.489+0.993 shows a triangle-like shape with an integrated intensity gradient toward the two lobes of G050.489+0.993, indicating that bipolar bubble G050.489+0.993 have expanded into the clump.
